Ab initio calculations have predicted a transition between topological insulators and band insulators in superlattices consisting of Sb 2 Te 3 and GeTe, when the periodicity is varied. We examine the amplitude of the weak antilocalization effect to confirm the transition. In agreement with the predictions, robust surface states are present for (Sb 2 Te 3 ) 1 (GeTe) 2 but absent when the content of the well-known topological insulator Sb 2 Te 3 is increased as (Sb 2 Te 3 ) 4 (GeTe) 2 , manifesting that the electronic coupling in the superlattices affects the emergence of the helical surface states nontrivially. The surface states in topological insulators (TIs) give rise to various transport phenomena due to the spin helicity. 1, 2 The existence of the surface states having linear dispersion of Dirac particles has been demonstrated experimentally in Bi 2 Se 3 and Bi 2 Te 3 using the photoemission and scanning tunneling spectroscopies. [1] [2] [3] These materials are, however, not perfect as TIs. Chalcogenides have strong tendency to be unintentionally doped by crystal vacancies and anti-site defects. The Fermi level is thus typically located in the bulk conduction or valence band, resulting in occupation of the bulk states. 4 The weak antilocalization (WAL) effect 5 in thin layers of Bi 2 Se 3 and Bi 2 Te 3 has revealed strong mixing of the helical states at the two surfaces of the layers via the bulk states. 6 The exotic properties of the helical surface states are thereby anticipated to be lost as the mixed state bears the conventional properties of the bulk states. [7] [8] [9] [10] One approach to overcome the problem is to use alloys (Bi,Sb) 2 (Te,Se) 3 , where the n-type doping typical for Bi 2 Se 3 and the p-type doping typical for Sb 2 Te 3 is cancelled by each other. (It ought to be pointed out that such alloys enable also to manipulate the location of the Dirac point with respect to the bulk band gap. 11, 12 ) To yield bulk-insulating conduction, precise control of the composition is, however, required. 3 In addition, alloy disorder is likely to cause scattering.
Contrary to Bi 2 Se 3 and Bi 2 Te 3 , the surface states in Sb 2 Te 3 layers have been suggested by the WAL effect to be uncoupled from each other 13 despite metallic p-type conduction in the bulk.
14 A recent photoemission experiment has confirmed that the surface states of Sb 2 Te 3 retain the twodimensional character and the linear energy dispersion in the bulk valence band energy range. 15 The Dirac cone can be manipulated by changing the composition ratio of binary SbTe compounds while maintaining the bulk-surface decoupling. 16 The quantum correction to the conductivity due to electron-electron interaction supports the view that not only the bulk states but also additional states that presumably correspond to the helical surface states contribute independently to the conduction. 17 According to simulations based on the first-principles density functional theory (DFT), band insulator (BI) state does not occur in the Sb x Te 1Àx system. The quantum effects thus remained almost unchanged with respect to the number of states participating in the transport when the composition x was varied. 16 It has been predicted that superlattices (SLs) composed of Sb 2 Te 3 and GeTe undergo transitions between TI and BI. 18, 19 It is noteworthy that the SLs [(Sb 2 Te 3 ) l (GeTe) m ] n serve as interfacial phase change memory that operates with low energy consumption, high switching speed, and high durability. 20 Here, l and m are the numbers of, respectively, the Sb 2 Te 3 quintuple layers and the GeTe units in one SL period and n is the number of SL repetition. Specifically, (Sb 2 Te 3 ) 1 (GeTe) 2 and (Sb 2 Te 3 ) 4 (GeTe) 2 structures are expected to be TI and BI, respectively.
18 Sb 2 Te 3 is a TI, whereas GeTe is a BI. It is rather obvious that a transition between TI and BI occurs when the average composition is varied between the two limiting materials. 19 It is, therefore, important to emphasize that the GeTe-dominated SL is predicted to be a TI, and the SL becomes a BI when the fraction of Sb 2 Te 3 is increased. Verifying the presence and absence of the surface states in the respective SLs is a demonstration that the TI-BI transition occurs in a complicated and not in an obvious manner in the SLs. 21 In this paper, the WAL effect is investigated in Sb 2 Te 3 -GeTe SL films. The magnitude of the low-temperature magnetoconductance is shown to change when the SL periodicity is altered in accordance with the theoretical prediction of the TI-BI transition. We further present a case where Cu incorporation is suggested to affect the TI-BI transition.
Sb 2 Te 3 -GeTe SL structures were prepared on Al 2 O 3 substrates using a helicon-wave sputtering system. 22 It is an advantage in comparison to the (Bi,Sb) 2 (Te,Se) 3 alloys that SLs are perfectly ordered. The structural perfection in the SL films was confirmed using the transmission electron microscopy (TEM), see Ref. 23 . Recently, intermixing at Sb 2 Te 3 -GeTe interface was reported to occur when the ratio of the thicknesses of the Sb 2 Te 3 and GeTe units become larger than three. 24 As the Sb 2 Te 3 -GeTe lattice mismatch is about 2%, the internal energy increases as the biaxial strain is accumulated 112102 (2016) at the interface, giving rise to film relaxation accompanied with intermixing. 25 The intermixing was negligible in the (Sb 2 Te 3 ) 1 (GeTe) 2 SLs, whereas it was detected in the (Sb 2 Te 3 ) 4 (GeTe) 2 SLs. According to high-resolution TEM analysis, the spread of the intermixing in the latter case was less than the thickness of a single Sb 2 Te 3 quintuple layer unit.
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The crystallization temperature of GeTe is 500 K, and so the layer deposition temperature was set to 520 K. Seven structures listed in Table I were fabricated on three occasions #1, #2, and #3. In terms of the SL periodicity l and m, the samples #1a, #2a, #2b, and #3a are anticipated to be TIs and the rest of the samples to be BIs. 18 The thicknesses of the Sb 2 Te 3 and GeTe units are 1.0 and 0.4 nm, respectively. The total film thickness was set to be identical (40 nm), except for #2b, by appropriately choosing n.
A buffer layer consisting of a 5-nm-thick bottom Si layer and a 5-nm-thick top Sb 2 Te 3 layer was inserted between the substrates and the SL films for #2a and #2b to ensure strong pseudo-cubic h111i orientation of subsequent layers. For #3a and #3b, Cu was incorporated in the SL films by means of co-sputtering. The Cu content was estimated to be 2.4% (61%) by the energy-dispersive X-ray spectroscopy. Furthermore, #1c was additionally prepared, where Sb 2 Te 3 and GeTe were simultaneously deposited to form an alloy having an average composition equivalent to #1a. (Note that this composition is the most intensively studied phase change alloy Ge 2 Sb 2 Te 5 . It comes in handy that Ge 2 Sb 2 Te 5 can be turned to a TI by modifying its internal layer structure.) This alloy film was annealed at the temperature used to prepare #1a to make it poly-crystalline.
Following the film preparations, the samples were cut to several-millimeter-large pieces for magnetotransport measurements at a temperature of T ¼ 0.3 K. Patterning the films to a Hall-bar geometry was avoided, and Au leads were directly bonded to the films without preparing contact pads to minimize the contamination of the film surface. The longitudinal and transverse resistivities were determined using the van-der-Pauw method. The phase change properties in the SL films were investigated in terms of the resistance in Ref. 23 and the Kerr rotation in Ref. 26 . While the phase change can be utilized in studying TI-BI transitions, 13 it was carefully avoided in the present work to eliminate ambiguity.
In Table I , we summarize the average mobility l and concentration p of the conduction carriers. (The Hall voltage was linear in magnetic field up to the maximum field of 14 T.) The films exhibited p-type conduction except for #1c, which was in the insulating regime of the phase change property of Ge 2 Sb 2 Te 5 . By comparing #1a and #2a, improvement of the mobility by the insertion of the buffer layer is noticed. In fact, by increasing the number of Sb 2 Te 3 quintuple layers in the SLs, the quality of the complete films improved for #1 and #3 as the Sb 2 Te 3 layer strengthened the h111i orientation for the subsequently deposited GeTe layers. That is, the structural quality for #1b and #3b was better than that for #1a and #3a, respectively. The markedly small mobility in #2b in comparison to #2a suggests scattering associated with surface exposure. The large carrier density in the former sample is interpreted as indicative of pronounced surface conduction of TIs. Concerning the effect of the Cu inclusion, the resistivity in #3a was too high to allow electrical transport measurements. It is known for Bi 2 Se 3 that Cu atoms act as donors if they are intercalated to the van der Waals gap between the quintuple layers but act as acceptors if they substitute the Bi atoms. In Ref. 27 , the substitution process was found to be dominant when Cu was introduced during the growth of Bi 2 Se 3 layers. The large hole concentration in #3b in comparison to #1b indicates similar dominance of the substitution process. The large resistivity in #3a may suggest compensation of holes by the Cu atoms incorporated in the GeTe layers. superlattice films. #1c is a poly-crystalline alloy film with the composition equivalent to that of #1a. A buffer layer was inserted between the substrates and the superlattice structures for #2a and #2b. For #3a and #3b, Cu was incorporated in the films with a concentration of 2.4%. The mobility l and concentration p of holes at a temperature of 0.3 K are shown. #1c and #3a were highly resistive. DFT calculations 18, 19 predict the superlattices to be topological insulator (TI) for ðl; mÞ ¼ ð1; 2Þ and band insulator (BI) for ðl; mÞ ¼ ð4; 2Þ. Experimental values of a and the phase coherence length L / are presented. We compare in Fig. 1 the magnetic-field dependence of the sheet conductivity r xx ðBÞ in #1a, #1b, and #2a. The magnetic field B was applied perpendicular to the films. The experimental data (red circles) were fit by the theory for the WAL effect
as shown by the solid (green) curves. Here, wðxÞ is the digamma function and l B ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi h=ðeBÞ p and L / are the magnetic length and the phase coherence length, respectively. The parameter a provides information regarding the number of independent conduction states. A single helical surface state contributes to the conductance change Dr with a ¼ À1=2 similar to the WAL contribution from a bulk state. We expect, therefore, a ¼ À1 for ideal TIs due to the two surface states associated with each side of a layer. In the limit of strong mixing of the surface states via the bulk states, a is altered to be À1=2 as the whole system acts as one conduction channel. For the curves in Figs. 1(a)-1(c 19 The number of the helical states in a SL film is thus anticipated to be 2n. As a % À1 even for n ¼ 20 in #1a, the interface states appear to be strongly mixed with the bulk states and play a negligible role in the WAL effect. 21 Nevertheless, the fitting result jaj > 1 in #2a suggests that the mixing for the interface states is not always complete in the films.
The number of the helical states in the SLs is, in fact, a complicated matter. The valence band near the C point for typical chalcogenides consists, in general, of p-orbitals of the chalcogen atoms. Although thick SLs of (Sb 2 Te 3 ) 1 (GeTe) 2 such as #1a have been reported to be a TI with helical bands at the surfaces, 19 thin SLs such as #2b are not a typical TI. Let us focus our attention on the Sb 2 Te 3 -GeTe-Sb 2 Te 3 structure illustrated in Fig. 2(a) as an example. The band structure obtained by our DFT calculation 18 is shown in Fig. 2(b) , where the typical energy dispersion characteristic for a Dirac-like particle is found. In Fig. 2(c) , we plot the magnitude of the contributions from a number of atoms in the heterostructure on the energy dispersion as the diameter of the circles. It is noted that an inverted gap state is formed in the quintuple layers of Sb 2 Te 3 . The outer bonding orbitals in the Sb and Te atoms are all 5p3 or 5p4 electrons. In the Sb 2 Te 3 -GeTe SLs, 4p2 electrons of the Ge atoms merge with the electronic states of the Sb 2 Te 3 subsystem. The electrons that contribute to the valence band maximum are p-anisotropic. For the conduction band minimum, the p z -electrons of Ge can contribute more to the state than the Sb 5p and Te 4p electrons as the energy level is lower than the 5s band level, thereby the 4p and 5s orbitals can be hybridized. Figure 2 (c) reveals that the states having the linear dispersion are actually formed mainly by the p z -orbitals of the Ge and Te atoms, i.e., the Dirac cone represents rather the interfacial helical bands. The precise nature the electronic states in individual Sb 2 Te 3 quintuple layers are coupled plays an important role for the existence and the number of the Dirac cone states in the SLs.
In Fig. 3(a) , we show r xx ðBÞ in #2b. The fitting to Eq. (1) (thick solid curve) yielded a ¼ À1:5, i.e., the film is a TI as expected for the (Sb 2 Te 3 ) 1 (GeTe) 2 structure. Remarkably, the magnetic-field dependence in the film becomes abruptly weak for jBj > 0.1 T. The sudden deviation from the behavior expected by Eq. (1) may be attributed to a coexistence of the weak localization (WL) effect from the bulk states. 28 The significant reduction in the average mobility in #2b may have resulted in a situation, where the WAL effect of the surface states and the WL effect of the bulk states were comparable in magnitude. 29, 30 Regardless of the strength of the spin-orbit coupling, the magnetoconductance is positive in the strongly localized regime. 31 We show a fitting result by the dashed curve, where the agreement extends to high magnetic fields. We show the WAL and WL contributions separately by the thin solid curves. The value of a (¼1.0) derived from the positive magnetoconductance contribution is in excellent agreement with the expectation for the WL effect. 5 As reported by Tominaga et al., 22, 23 (Sb 2 Te 3 ) 1 (GeTe) 2 films exhibit gigantic magnetic responses although they contain no magnetic elements. The unexpected magnetic effect can be a consequence of the SL being a TI, as in the following scenario. In the experiments, a current-or temperatureinduced phase change took place when an external magnetic 
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Takagaki, Saito, and Tominaga Appl. Phys. Lett. 108, 112102 (2016) field was applied. Magnetic moments plausibly originating from the p orbitals of Ge atoms were polarized by the external field and were eventually wrapped by the helical surface states as the phase change converted the material from BI to TI. 23 Spin propagation across the surface states will disturb the helical spin order, 2 and so we expect the surface states to act as a barrier to prevent the relaxation of the magnetic moments. The TI SL can thus be regarded as a magnet when the aforementioned magnetizing procedure is performed.
We propose to utilize the insignificant surface-bulk coupling in the Sb 2 Te 3 -related materials for benefiting from the exotic properties of the helical surface states. The simultaneous hole population in the bulk states does not necessarily imply mixing for the surface states. The angle-dependence of the Shubnikov-de Haas oscillations in Bi 2 Se 3 and Bi 2 Te 3 layers, for instance, evidences that the states responsible for the oscillations are, at least in some cases, two-dimensional despite the parallel conduction in the three-dimensional bulk. 3 For Landau quantization, x c s is the essential parameter, where x c ¼ eB=m Ã with m Ã being the effective mass and s is the elastic scattering time. The quantum interference effects, such as the WAL effect, are, on the other hand, governed by the dephasing time s / . As s / ) s is typically satisfied, it can happen that the surface-bulk coupling occurs over a time scale that lies intermediate between s and s / . Even when almost complete surface-bulk mixture was indicated by the WAL effect in Bi 2 Se 3 and Bi 2 Te 3 layers, the states appeared not to be mixed as far as the quantum effect associated with the electron-electron interaction 32 was concerned. 27, 33, 34 This independence of the states presumably reflects that the time scale relevant for the interaction effect is another quantity h=ðk B TÞ.
The observation of confined states in nanostructures assembled by atom manipulation using a scanning-tunnelingmicroscope tip in Ref. 35 can be, in addition, pointed out as an example of negligible coupling between coexisting surface and bulk states. The quantized levels in chains of In adatoms constructed on InAs overlap energetically with the conduction band of the substrate. The narrowness of the levels evaluated in scanning tunneling spectroscopy manifests nevertheless insignificance of the coupling with the bulk states. The electronic coupling between the adatoms was mediated by the bulk states localized at the surface of the InAs substrate. 35 This situation has resemblance to Sb 2 Te 3 , for which the surface resonance states produced by the surface-bulk coupling retain the two-dimensional character. 15 Let us finally turn our attention to Fig. 3(b) , where rðBÞ in the Cu-incorporated film #3b is shown. The value of a we obtained was À1.2 although the (Sb 2 Te 3 ) 4 (GeTe) 2 SL should be a BI, as we found for #1b. The incorporation of Cu is thus suggested not only to change the carrier density but also to stimulate band inversion to generate a TI. As the Sb 2 Te 3 content in the SL is large, the inclusion of Cu may have resulted in resurgence of the TI property of Sb 2 Te 3 .
In conclusion, the amplitude parameter a of the WAL effect in thin films of Sb 2 Te 3 -GeTe SLs has been shown to change with the SL periods in a manner consistent with the theoretically predicted transition between TI and BI. We have also presented a case where a value of a that would correspond to a TI was achieved in a film expected to be a BI as a consequence of Cu incorporation. The band inversion that creates TIs has thus been demonstrated to be manipulable by altering the electronic coupling in SL structures.
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